Introduction
This Technical Memorandum summarizes the Fermilab accelerator and experiment operations for FY 2016. It is one of a series of annual publications intended to gather information in one place. In this case, the information concerns the FY 2016 NOvA, MINOS+ and MINERvA experiments using the Main Injector Neutrino Beam (NuMI), the MicroBooNE experiment and the activities in the SciBooNE Hall using the Booster Neutrino Beam (BNB), and the SeaQuest experiment, LArIAT experiment and Meson Test Beam activities in the 120 GeV external switchyard beam (SY120).
Each section was prepared by the relevant authors, and was then edited for inclusion in this summary.
Accelerator Operations (M. Convery, D. Johnson, D. Newhart)
The low-energy and high-energy neutrino beams, the SeaQuest beam, and the LArIAT and Test Beams in the Meson area were brought into operation after the summer 2015 accelerator shutdown. The startup occurred on October 15 th , determined by the schedule for the new Booster anode supplies, and ran until the present shutdown which began July 29 th . The main summer 2016 shutdown drivers are Recycler collimator installation and the second of three phases of vacuum TSP to ion pump upgrades. Other jobs include the installation of 2.5 MHz RF in the Recycler for the Muon Campus, preparation for adding two more Booster RF cavities under the Proton Improvement Plan (PIP), and enclosure modifications to allow beam to BNB while accessing roughly two-thirds of the Main-Injector tunnel.
The high-energy neutrino beam was scheduled for beam delivery for 39 weeks. NuMI beam power was ramped up over the year. The number of batches slip-stacked in the Recycler was increased in steps. At each step, intensity was increased while tuning for efficiency and losses. 700 kW was successfully demonstrated for one cycle with consistent running around 550 kW prior to the shutdown. Regular 700 kW operation is expected after the summer 2016 shutdown when Recycler collimators are in place. There were 5983 hours of high-energy operation in FY 2016. 1 Editor 2 Administrative support 2 Administrative support The Booster Neutrino Beam exceeded expectations due to the quick ramp up in flux facilitated by the ability to run at 15 Hz, thanks to PIP, as well as increased intensity. About 5891 hours of beam was delivered to the MicroBooNE experiment. The approval of a new Booster shielding assessment is needed in order to run at similar flux levels in FY 2017 while also running NuMI at 700 kW.
Beam delivery to SeaQuest, including commissioning time, was 4327 hours with 1.29×10 18 protons delivered. The slow spill beam had the desired intensity and good extraction efficiency.
The Fermilab Test Beam Facility was scheduled for beam for ~39 weeks of the 52-week period. Beam delivery started on October 24 th and continued until July 29 th . A total of 5.82×10 15 protons were delivered. The facility operated for 1917 hours driven by user requests.
The LArIAT experiment located in the MCenter beam restarted operation in February. Beam was delivered to the experiment for 2748 hours as requested, with 4.6×10 13 protons delivered.
The following plots summarize the beam delivery in FY 2016.
MicroBooNE Report (B.T. Fleming, G.P. Zeller)
In FY16, MicroBooNE detector commissioning was completed and the experiment started receiving its first neutrino beam on October 15, 2015. Since that time, MicroBooNE has been running smoothly with excellent beam and detector uptime. The MicroBooNE detector has been operating stably with typically >97% uptime when receiving beam, high liquid argon purity (factor of > 2 better than design), excellent signal response from the in-argon front-end electronics (signal/noise ratio ~40:1 on the collection plane), and high intensity beam from the Booster neutrino source. MicroBooNE's startup, while successful, has not been completely without issue. The drift high voltage is running at 70 kV, about 55% of MicroBooNE's design value. Running with reduced drift high voltage is mitigated by MicroBooNE's excellent purity. MicroBooNE also observes a single photoelectron rate that is significantly higher than expected which impacts the trigger efficiency for very low energy cross section measurements but is not anticipated to impact MicroBooNE's signature electron neutrino appearance results. Work continues to understand the drift high voltage operation and single photoelectron rates.
Shortly after starting operations in FY16, the first neutrino candidates observed in MicroBooNE were released on November 2, 2015, the same day that the MicroBooNE experiment was first proposed to the Fermilab PAC eight years prior. The neutrino interactions were identified making full use of the MicroBooNE detector and using three-dimensional reconstruction information to distinguish the neutrino candidates from cosmogenic backgrounds. The events were not identified by a simple visual scan, but were obtained using reconstructed kinematic quantities from the TPC, timing information from the light collection system, and automated event selection algorithms. These first seven neutrino candidates were released on Fermilab Today, Facebook, Twitter and also generated some press. An example candidate event is shown in Figure MB Since the start of operations in October 2015, MicroBooNE has collected a total of 3.57x10 20 protons on target (POT). This means that in the first 10 months of running, MicroBooNE has already collected over half of the initial beam request of 6.6x10 20 POT prior to the start of SBN operations. The amount of beam delivered in this period is nearly 3 times the base projection and is due to the excellent performance of the Fermilab Booster accelerator with sustained 15 Hz operations.
The experiment has been in full data processing and Monte Carlo production mode since early January. Even though work continues to understand the unexpectedly high single photoelectron rate in the detector, MicroBooNE implemented a PMT-based trigger in February that significantly reduced data rates being written to tape. In March, Paul Philp, Federal Project Director/Fermilab Site Office, was awarded a DOE Achievement Award for the successful completion of the MicroBooNE project. This past June, MicroBooNE presented first results at summer conferences. This included results on detector performance, cosmic rays ( Figure MB-2) , and neutrino interactions in argon ( Figure MB-3) . Given the interest in the liquid argon detector technology and the importance of these first few months of MicroBooNE operations, the experiment is communicating these findings in the form of "public notes" to allow the community access to vetted results prior to publication. These 15 public notes are posted on a new website: http://www-microboone.fnal.gov/publications/publicnotes/index.html. In addition to these first results, MicroBooNE is also planning several upgrades during the 2016 accelerator shutdown during which the experiment plans to reduce residual noise sources in the detector and install an upgraded muon tracking system to further mitigate cosmic ray backgrounds.
MINOS+ Report (A. Blake, K. Lang, R. Plunkett, J. Thomas, and D. Torretta)
MINOS+ concluded its approved 3 years of data taking at the end of June 2016. A total of 4.1×10 20 POTs for the FY 2016 running period increased the MINOS+ 3-year total to 9.37×10 20 . This corresponds to ~50% of the original request (based on an assumed 700 kW NuMI beam) and will enable the MINOS+ Collaboration to accomplish their scientific goals. The collaboration is not requesting continued running.
After June 29 th , the machine switched to reverse horn current mode. MINOS+ personnel maintained the production processes through the end of antineutrino running in summer 2016. These processes have now been handed to MINERvA for the MINOS near detector, which serves as a muon spectrometer for that experiment.
The MINOS detectors performed well in FY 2016, with only minor problems. Figures M-1 and M-2 show the uptime performance of the two detectors.
The physics analysis is ongoing with 7 papers so far this year submitted to journals. Most recently, the MINOS sterile analysis has been accepted for publication together with one from Daya Bay and a joint paper which has been awarded the PRL "editors pick" and will be published in the October 6 th edition. The analysis rules out a large region of parameter space where a sterile neutrino might be lurking. The MINOS/MINOS+ collaboration would like to thank the accelerator division at FNAL for their great work over the years.
At the Soudan Underground Laboratory, the MINOS far detector is now being decommissioned. The cosmic ray veto shield will be sent to FNAL to be repurposed as a cosmic ray tagger for ICARUS. Other equipment will be returned to FNAL for repurpose or appropriate disposal. A formal decommissioning process for the MINOS detector steel and scintillator has been initiated. The near detector uptime was above 96%, with 99.1% beam-weighted uptime. A single FEB and 11 APDs were swapped during FY 2016 through August, with another 66 planned for September. The vast majority of those were known to have had sub-optimal performance since soon after their installation, arising from a primer that was applied in production to the early batches of APDs. The usage rate of spare APDs has now been determined to be low enough to permit their use for the purpose of eliminating these lower-performing channels.
The NuMI beam was operated with the polarity of the magnetic horns set to produce a beam primarily of neutrinos ("Forward Horn Current, FHC") for most of FY 2016 beam running, with 4.1×10 20 POT delivered. For the last month of the FY 2016 NuMI run the beam was configured for "Reverse Horn Current" (RHC) to deliver a beam consisting predominantly of anti-neutrinos, for an exposure of 0.66×10 20 POT. The near detector data will be used to tune simulation and reconstruction of anti-neutrino interactions in advance of a more substantial anti-neutrino run that will start in FY 2017. Figures N-1, N Several improvements and updates to the analysis over that of the first results led to an increase in sensitivity beyond that expected from the increase in statistics alone.
The largest systematic uncertainty in the first muon neutrino disappearance result was associated with a mismatch between the hadronic energy spectrum in simulated and observed muon neutrino candidate events in the near detector. In the first analysis, an ad hoc calibration shift was applied to achieve agreement in the mean hadronic energy between data and simulation, with the full size of the shift (14%) taken as the systematic uncertainty on the hadronic energy scale. In the new analysis, this uncertainty per se was eliminated by including scattering from correlated nucleon pairs in the simulation of neutrino interactions as motivated by observations made in other recent neutrino experiments, including MINERvA. The available simulation of this channel in the GENIE neutrino interaction generator, the empirical Meson Exchange Current model, required ad hoc tuning to optimize the match to the NOvA data. Fig. N-4 shows the hadronic energy distribution with and without the MEC simulation. The new electron neutrino appearance analysis incorporates several improvements. In general, selection criteria were optimized for measurement of the electron neutrino appearance probability, as opposed to its mere detection in the first analysis. Furthermore, the interpretation of the data was changed from a simple counting experiment to a fit of the oscillation probability to the data in bins of neutrino energy and selection purity. The largest single improvement was the development of a new deep-learning algorithm used to select electron neutrino events, the Convolutional Visual Network (CVN) based on recent developments in computer vision. CVN achieved signal selection efficiency approximately 40% greater than the two identifiers used in the first analysis, at a similar purity. When combined with the precise measurement of θ 13 from reactor neutrino disappearance experiments and the NOvA muon neutrino disappearance result, the electron neutrino appearance result can be interpreted as constraints on the remaining unknowns. Fig. N-8 shows the preliminary resulting significance contours. The combined parameter region of δ CP~π /2, sin 2 (θ 23 )<0.5 (i.e., the lower octant) and Inverted Mass Hierarchy is excluded at more than 3 sigma. Inclusion of more data will continue to reduce the allowed parameter space, with the upcoming antineutrino data having particular impact in helping to resolve degeneracies in the oscillation probabilities between the effects of θ 23 octant, Mass Hierarchy, and δ CP . 
FY 2016 Operations
The data taken in FY 2016 was mostly Medium Energy neutrino data (6 GeV peak neutrino energy) with roughly four weeks of antineutrino data taken just before the During the FY 2016 running period, the collaboration continued to calibrate the detector, monitor the detector light levels, and check the reconstruction performance of both the MINERvA and MINOS detectors continuously. The experiment operates 40% of its shifts remotely, and in FY 2016 has started check-listed based owl shifts with no significant increase in detector downtime thanks to new automated texting capabilities in case of DAQ outages. 
MINERνA Construction and Installation Activities in FY 2016
Over the course of FY 2016, MINERvA collaborators together with PPD's EED group, continued to upgrade the data acquisition firmware so that the experiment would have a reduced dead time associated with each time a readout cycle was initiated, at the expense of recording the lowest gain channels for every readout cycle. In the new scheme the low gain channels, which are used only rarely, are read out only one time after the spill. Another issue found in the current firmware that will be corrected in the new firmware is associated with the corruption of data for spills where a front-end board had more than 21 readout events. This newest firmware version (v97) is being installed in the underground neutrino detector during the FY 2016 shutdown.
MINERνA Results in FY 2016
The low-energy neutrino data, which is still being analyzed, was taken to provide exclusive cross-section measurements on a variety of nuclei. Low energy events tend to have few final state particles -which allows the identification of single particles in the MINERνA detector and the measurement of exclusive channels important for current and future oscillation experiments. The MINERνA detector has a granularity that is about a factor of 10 more than the NOνA detector, and can be used to identify processes that will contribute backgrounds to NOνA. MINERνA sees a higher neutrino beam energy than T2K's near detector, and measures reactions that contribute backgrounds to T2K from the high-energy tail (above 1 GeV) of the beam.
By the start of 2016, the MINERvA Collaboration had published a total of 8 papers covering a broad range of neutrino and antineutrino interaction channels including: different ways of analyzing the charged current quasi-elastic interaction; a measurement of the inclusive charged current cross section ratios lead/scintillator, iron/scintillator, and carbon//scintillator; both neutrino and antineutrino production of charged and neutral pions; coherent production of charged pions by both neutrinos and antineutrinos; and a first electron neutrino charged current quasi-elastic cross section measurement.
In 2016 the MINERvA Collaboration published an additional 8 papers on neutrino interactions in the Low Energy Beam configuration, and has submitted a publication describing the most precise a priori neutrino flux prediction for the NuMI beamline. One FY 2016 result has already had a large impact on current neutrino oscillation experiments, namely the measurement of nuclear effects in neutrino-carbon interactions at low threemomentum transfer. Until this publication, measurements of quasi-elastic-like neutrino interactions were either of the leptonic side or of the hadronic side (looking only at the extra energy near the interaction vertex, or the proton momentum distribution in quasi-elastic events). By looking for the first time at the visible recoil energy in the event as a function of the momentum transferred to the nucleus, MINERvA was able to identify two different predicted nuclear effects: (i) an effective screening of the nucleus which occurs at the lowest recoil and momentum transfer ("Random Phase Approximation", or RPA), and (ii) an effect associated with nucleon-nucleon correlations inside the carbon nucleus, where the cross section "dip" between the quasi-elastic and resonance peaks is filled in with events.
These measurements show that the Nieves model of nucleon correlations (arXiv: 1601.02038), which was not originally in neutrino event generators, partially helps resolve the discrepancy between the data and the predictions. However, the data show greater enhancement in this dip region than even the Nieves model predicts, and this will be incorporated into future neutrino event generators for accurate predictions of visible neutrino energy. NOvA has adopted a very similar analysis because of a similar discrepancy in its near detector hadron energy distribution, and because of this improvement in their model of neutrino interactions, NOvA was able to reduce their largest systematic uncertainty, that of their hadronic energy scale, from 14% to 5%. T2K has also made direct use of these results in their oscillation analysis, in addition to the MINERvA FY 2015 results on coherent pion scattering.
Figure MV-2: Shows the ratio of data to prediction for charged current νµ events at low momentum transfer (q 3 ). Using the nominal event generator used for MINERvA, NOvA, and T2K's near detector. There are two effects seen at high statistical significance: one is a suppression of the cross section at low available energy, and the other is an increase in cross section in the dip between the quasi-elastic and delta production
Figure MV-3: Shows a differential cross sections as a function of available energy for different 3-momentum transfer bins, for both the data, the nominal neutrino event generator prediction, and after including the change in the predicted cross section with both RPA and multi-nucleon correlation effects added. MINERvA has also recently provided several tools that will be useful to oscillation experiments for flux predictions For example, MINERvA's FY 2016 publication on neutrino electron elastic scattering (Phys. Rev. D 93, 112007) is an important proof of principle for how DUNE can measure its neutrino flux very precisely, without systematic uncertainties from nuclear effects in neutrino interactions. The scattering of neutrinos off atomic electrons is the one neutrino interaction whose cross section can be reliably calculated with a precision of better than one per cent. The experimental challenge in using these interactions for an in situ flux measurement is that the cross section is 2000 times smaller than neutrino-nucleus interactions, and so the event rate is small and the backgrounds can be high. Because of the good angular resolution of MINERvA, and the ability to separate electron showers from photon showers, the experiment collected 114 neutrino electron scattering events after background subtraction, and used that event rate and the electron energy spectrum to put a constraint on the flux prediction whose uncertainty is similar in size to the uncertainties in the a priori flux prediction. This technique will also be particularly powerful for MINERvA in the medium energy beam where the number of neutrino electron scattering events in neutrino mode alone is already expected to be a factor of 10 higher based on the higher flux, higher integrated POT in the Medium Energy configuration, and the higher neutrino electron scattering cross section because of the higher neutrino beam energy. The SeaQuest experiment (E906) is measuring the ratio of the d-antiquarks to u-antiquarks in the proton and the nuclear dependence of the antiquark distributions in the x Bj range of 0.1-0.5 by measuring the relative rates of proton-induced di-muon production (Drell-Yan production) on targets of 1 H, 2 H, C, Fe and W. Additional measurements from the same data set will include the energy loss of fast quarks in cold nuclear matter, decay angular distributions, the nuclear dependence of J/Psi production and a search for dark photons.
Fixed
SeaQuest has been accumulating production data since the spring of 2014. One issue that complicates the accounting of beam delivery is the instantaneous duty factor of the extracted beam. RF buckets containing significantly more protons than the average (factors of 5-50) greatly increase the rate of random triggers and increase the complexity of event reconstruction, leading to a decrease in the reconstruction efficiency. To deal with these issues, the experiment uses a beam Cerenkov counter to veto events for a period of 190 ns around beam buckets with greater than 5-10 times the normal intensity. Through October 2015, the accelerator delivered 1.8×10 18 protons to the experiment but only 1.1×10 18 protons survived this beam veto cut and 0.85×10
18 were recorded due to the apparatus and data acquisition dead time (Fig. SQ-1 ).
During the summer 2015 shutdown, the experiment installed a new tracking chamber with larger acceptance and better rate handling capabilities in front of the analysis magnet, replacing a 20-year-old chamber. Unfortunately, this new chamber experienced a number of broken wires in early operation. Due to the flammable chamber gas in use, while chamber removal, repair, and reinstallation would only take 2-3 days, flushing and refilling the gas consumed about 7 days for each repair. In March 2017, we changed to a configuration with both the old and new chambers in place, (though only the outer portions of the new chamber providing the increase in acceptance were instrumented) and ran successfully through the end of July with no additional chamber failures. By the end of July 2016, the total number of live protons was 1.2 ×10 18 . The duty factor remained at the 40-45% level maintained in the summer of 2015.
SeaQuest currently has 9 graduate students. Five students have completed their Ph.D's on the experiment. Typically 7 post-doc have active roles in the experiment and 10 undergraduates are involved each year.
During the summer shutdown in FY 2016, the experiment is updating the data acquisition to significantly reduce the readout dead time by a factor of 5-10. Electronics are being fabricated to fully instrument the new wire chamber. New trigger hodoscopes are under investigation to increase the efficiency of the trigger for dark photons.
Production analysis of all the data taken to date is almost complete. Preliminary results based on the data taken through FY 2015 have been presented at conferences and are shown for the ratio of d-antiquarks to u-antiquarks ( Fig. SQ-2) in the proton and the nuclear dependence of the cross sections (Fig. SQ-3) . While agreeing well with previous E886 results at low x, these results differ considerably from the much lower statistics data at high x from E866 and indicate that the enhancement of d-antiquarks persists at x values above 0.25. The result has significant implications for the origin of the non-perturbative sea of the proton and also has consequences for the LHC, favoring the relative cross section for producing W' bosons at high mass (in u dantiquark interactions) compared to that for Z' bosons (in u u-antiquark interactions). There remains little room for substantial nuclear dependence of the cross sections. This observation constrains one of the systematic uncertainties in the nuclear corrections for deuterium used to extract the d-antiquark to u-antiquark ratio. It is expected that publications based on the data through FY 2016 will be submitted this fall. The Fermilab Test Beam Facility (FTBF) provides users from around the world an opportunity to test detectors in a variety of charged particle beams. The facility offers two beamlines (MTest and MCenter) to accomplish this goal. A plan view of the facility is shown in Fig. TB-1 . The facility offers instrumentation to understand the beamline and infrastructure such as gas lines, high voltage lines, and signal cables. In FY 2016, results from test beam experiments were shown in 9 talks or posters at conferences. There are 10 publications and four articles in preparation. Table TB-1 and represent  191 collaborators from 67 institutions in 13 countries. Figures TB-2 and TB-3 show how the experiments broke down by user classification and research focus. We supported groups from both ATLAS and CMS, as well as groups from Brookhaven and the Relativistic Heavy Ion Collider (RHIC). The Mu2e experiment tested a variety of their detectors and are now continuing to use the facility to develop their data acquisition system. The g-2 experiment used the facility to conduct rate of rise tests for their straw-tube detectors. We supported the neutrino experiments LArIAT and LAToF for ProtoDUNE. We also had several groups come in to test general detector research and development. Full information from these groups will be included in the annual test beam report (in preparation). 
Test Beam Publications

